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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

The present invention relates to an artificial blood vessel. In particular, the present invention relates to an artificial 
blood vessel which is preferably used as a substitute blood vessel for replacing small-diameter blood vessels such as 
coronary arteries, peripheral blood vessels and the like. 

10 

Description of the Related Art 

Tubes of woven or knitted fabric of polyester fibers and expanded polytetraf luoroethylene (hereinafter referred to as 
"EPTFE") are used as artificial blood vessels. The EPTFE tubes are practically used in a smaller diameter range rather 
15 than the polyester tubes since PTFE itself has excellent anti-thrombotic properties, and the pore structure of EPTFE 
tube comprising fibrils and nodes which is obtained by expanding PTFE tube has excellent biocompatibility. 

However, EPTFE does not always have satisfactory anti-thrombotic properties, and the EPTFE tubes do not have 
a sufficient patency ratio when they have an inner diameter of 5 mm or less, in particular 4 mm or less. To remove this 
drawback of the EPTFE tube, the following methods have been proposed: 

20 

(1) improvement of anti-thrombotic properties of materials of artificial blood vessels; 

(2) growing or seeding anti-thrombotic tissues on inner surfaces of artificial blood vessels; and 

(3) accelerating the formation of tissues on inner surfaces of artificial blood vessels after grafting the artificial blood 
vessels. 

25 

Concretely, as the method (1), developments of anti-thrombotic polymer materials having a microphase separation 
structure or anti-thrombotic agent-immobilized materials have been discussed (see Noishiki et al, Trans. A. S. A. I. O.. 
22, 253 (1977), JP-A-58-180162 and JP-A-63-1 19773). Such the anti-thrombotic materials can prevent the formation 
of thrombus temporarily after grafting, but thrombus forms and occludes the blood vessels after a long time from graft- 
so ing. 

As the method (2), a method for seeding vascular endothelial cells on the inner walls of artificial blood vessels has 
been proposed. However, the provision of human vascular endothelial cells is difficult, and the collection and culturing 
of such the cells require several weeks. Therefore, this method has not been used in practice (see Takagi et al, JINKO- 
ZOKI (Japanese Journal of Artificial Organs). 17, 679 (1988) and JP-A-1 -170466). 

35 As the method (3), artificial blood vessels on which endothelial cell-adhesion or growth materials are coated or cov- 
alently bonded have been proposed. 

An artificial blood vessel is known, which sustainingly releases heparin for imparting anti-thrombotic properties to 
the blood vessel. For example, an artificial blood vessel to which heparin is immobilized using a material containing a 
quaternary ammonium salt or protamine has been proposed (see JP-A-58-180162 and JP-A-63-1 19773). 

40 An artificial blood vessel on which the endothelial cell-adhesion material and optionally the endothelial cell-growth 
material are coated is proposed, but the formation of endothelial cells is not accelerated and the patency does not 
improve (C. H. Lundgren et al. Trans. A. S. A. I. O., 32, 346 (1986), and Glysler et al, SURGERY, 112, 244 (1992)). 

An artificial blood vessel to which an endothelial cell-adhesion material is chemically immobilized is proposed (see 
JP-A-5-269198). In addition, an article reports that a material to which the endothelial cell-adhesion material and 

45 endothelial cell-growth material are both covalently bonded facilitated the formation of endothelial cells in vivo. However, 
an artificial blood vessel made of such the material loses its effects after grafting, and its patency is unsatisfactory (see 
J. Biomed. Mater. Res., ZL 901 (1993), etc.). 

Furthermore, an artificial blood vessel which is coated with an endothelial cell-adhesion material such as collagen 
or gelatin and heparin has been proposed for suppressing the formation of thrombus prior to the formation of endothe- 

50 lial cells. However, neither the formation of endothelial cells nor the suppression of the thrombus formation is insuffi- 
cient, and no satisfactory patency is achieved (see JP-A-63-46169). 

A required amount of heparin must be released in a requisite period after grafting for achieving a high patency ratio. 
In particular, a required amount and requisite period for releasing heparin vary with the conditions of living bodies such 
as the blood flow and inner diameters of blood vessels to be replaced. Therefore, it is necessary to design a heparin- 

55 immobilized artrfidal blood vessel which satisfy the releasing amount and period of heparin according to respective arti- 
ficial blood vessels. 

However, it is difficult for the conventional heparin-immobilized artificial blood vessels to control the amount of 
immobilized heparin and the rate of sustained release of heparin since heparin is ionically bonded to the quaternary 
ammonium salt or protamine which has been coated on the surface of the artificial Wood vessel. Therefore, it is difficult 
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to sustainingly release heparin in a sufficient amount for maintaining the patency of artificial blood vessel in a requisite 
period, and the sufficient patency ratio is not attained. 

SUMMARY OF THE INVENTION 

5 

An object of the present invention is to provide an artificial blood vessel which has a high patency ratio after graft- 
ing. 

Another object of the present invention is to provide an artificial blood vessel which can facilitate the growth of 
endothelial cells while suppressing the formation of thrombus after grafting. 
10 Accordingly, the present invention provides an artificial blood vessel comprising: 

a tube formed from expanded polytetrafluoroethylene comprising fibrils and nodes connecting fforils, in which the 
inner surface of said tube and the surfaces of pores in a layer portion extending from the inner surface of said tube 
to a depth of at least 5 % in a radial direction from said inner surface are made hydrophilic, and 
15 a tissue-inducing substance which is immobilized on said inner surface and said surfaces of pores which are made 
hydrophilic. 

In a preferred embodiment, the artificial blood vessel of the present invention further comprises an anti-thrombotic 
substance immobilized on at least a part of a surface of said tube which will be in contact with the blood in use. 

20 The properties required for the artificial blood vessels vary with parts of living bodies in which the artificial blood 
vessels are implanted. On one hand, anti-thrombotic properties should be enhanced for the parts where a flow rate of 
Wood is small such as peripheral blood vessels since thrombus tends to form in such the parts. Therefore, an anti- 
thrombotic substance is immobilized on the surfaces of the artificial blood vessels for preventing the formation of throm- 
bus. On the other hand, the covering of the surfaces of the artificial blood vessels with the endothelial cells should be 

25 facilitated by immobilizing a tissue-inducing substance for the parts where a flow rate of blood is large since the forma- 
tion of cell tissues is delayed while the thrombus is less formed. 

BRIEF DESCRIPION OF THE DRAWING 

30 Fig. 1 is a graph showing the sustained release of heparin from the heparin-immobilized EPTFE artificial blood ves- 
sels prepared in Examples 19 through 24. 

Fig. 2 is a graph showing the sustained release of heparin from the heparin-immobilized EPTFE artificial blood ves- 
sels used in Comparative Examples 8, 9 and 10. 

35 DETAILED DESCRIPTION OF THE INVENTION 

In general, the mean fibril length of EPTFE tube, that is, the mean length of the fibrils between nodes, is between 
20 and 200 urn, the porosity of EPTFE tube is at least 50 %, preferably at least 70 %, and the wall thickness of the tube 
is between 300 and 1000 um for adjusting the wall thickness of the artificial blood vessel to that of the living blood ves- 
40 sel. 

The EPTFE tube preferably has a mean fibril length of at least 60 um on a side of the tube which will be in contact 
with the blood in use. More preferably, the EPTFE tube has a multilayer structure having the mean fibril length of at least 
60 um on a side of the tube which will be in contact with the blood in use and at least one layer in which a ftoril length 
of EPTFE tube is 40 um or less. 
45 When the EPTFE tube has the hydrophilic layer portion extending from its inner surface to the limited depth in the 
radial direction of the tube from the inner surface, hydrophilic groups can be chemically introduced into the tube wall by 
the following method: 

Firstly, the porous wall of the EPTFE tube is masked to a certain depth from the outer surface of the tube with a 
material, which is not decomposed or denatured by the defluorination reaction, can be removed from the tube without 
so damaging or denaturing the subsequently immobilized materials and has affinity to PTFE. such as paraffin, and the 
unmasked portion of the EPTFE tube is defluorinated by chemical treatment with alkali metal compounds, or by physi- 
cal treatment such as irradiation with y-ray or electron beams, corona discharge or glow discharge. 

Then, functional groups are introduced in the unmasked portion by treating the defluorinated portion with com- 
pounds having carboxyl. hydroxyl, amino or epoxy groups. 
55 Finally, the masking material is removed. 

The patency ratio can be increased when a thickness of the wall which has not been masked is between 5 % and 
100 %, preferably 5 % and less than 96 %, more preferably between 50 % and 90 %, of the wall thickness, the wall 
which has not been masked is between 5 % and 100 %, preferably 5 % and less than 96 %, more preferably between 
50 % and 90 %, of the wall thickness. 
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The wall thickness which rs not masked can be adjusted by controlling a depth to which molten paraffin penetrates 
through the change of a temperature gradient in the tube wall by flowing a cooling medium such as water through the 
hole of the tube, or filling all the pores in the tube wall with paraffin and then extracting paraffin on the inner wall side. 

When the tube wall is not masked, the entire wall is treated, and the functional groups are introduced onto all the 
s surfaces of the pores which present in the tube wall as well as the inner and outer surfaces of the tube. 

Among the defluorination methods, the chemical treatment with the alkali metals is more preferable than the phys- 
ical treatment by irradiation with r ray or electron beams or corona or glow discharge. 

The irradiation with y-ray decomposes PTFE to deeper parts of the crystals of PTFE. Therefore the molecular 
weight of PTFE decreases and the strength of the EPTFE tube deteriorates greatly. 
10 The glow discharge can treat only the outer and inner surfaces of the tube but may not treat surfaces of pores inside 
the tube wall, that is the surfaces of fibrils which constitute the pores in EPTFE. 

The treatment with the alkali metal compounds can def iuorinate the whole surfaces of the pores of EPTFE tube uni- 
formly only to a depth of about several angstroms from the surfaces of fibrils and nodes constituting the pores , and 
does not decompose PTFE. Therefore, the strength of EPTFE tube does not decrease. 
15 Since the inner and outer surfaces of the tube and also the surfaces of the pores inside the tube wall are def luori- 
nated, proteins and peptides such as the tissue-inducing substances and anti -thrombotic substances can be covalently 
bonded to all of these surfaces. 

Examples of the alkali metal compounds are methyllithium, n-butyl lithium, tert.-butyllithium, sodium-naphthalene, 
sodium-benzophenone, vinyliithium and the like. They are used in the form of a solution. Among them, sodtum-naph- 
20 thalene and sodium-benzophenone will form a dark brown layer on the EPTFE surfaces after treatment and cannot 
treat EPTFE uniformly. Thus, methyllithium, n-butyl lithium and tert.-butyllithium are preferable for the production of the 
artificial blood vessel of the present invention. Methyllithium, n-butyllithium and tert.-butyllithium should be used 
together with a chelating agent such as hexamethylphosphoric triamide or N,N,N\N'-tetramethylenediamine, since they 
have a weak activity for withdrawing the fluorine atom from EPTFE. 
25 Examples of the compounds having the hydroxyl, carboxyl, epoxy or amino group are glycerol (meth)acrylate, 2- 
hydroxyethyl (meth)acrylate, 2-hydroxypropyl (meth)acrylate, polyethylene glycol (meth)acrylate, glycidyl (meth)acr- 
ylate, (meth)acrylic acid, allylamine, 2-aminoethyl (meth)acrylate, acrylamide and the like. Alternatively, an acid anhy- 
dride such as maleic anhydride is added and then hydrolyzed. 

The tissue-inducing substance are immobilized onto the inner surface, pore surfaces and optionally outer surface 
30 of the EPTFE tube which have been made hydrophilic. by simply applying them or chemically bonding them to the 
already introduced functional groups. The arrtr-thrombotic substance is immobilized onto the surfaces which will be in 
contact with blood in use. The chemical bonding of the substances to the functional groups is preferable when the sub- 
stances do not lose their activities by the chemical bonding. A method for immobilizing the substances is selected 
according to the kind of the already introduced functional groups, and preferably a method which does not inactivate 
35 the substances is selected. 

For example, the substances are covalently bonded with the hydroxyl, carboxyl and amino groups through the 
dehydration-condensation, or with the epoxy group through the addition reaction. The substances are directly bonded 
with the hydroxyl group through the dehydration-condensation in the presence of carbodiimide as a catalyst. Alterna- 
tively, an eliminating group such as a trif luoromethanesulfonyl group is introduced into the hydroxyl group for improving 
40 the reactivity and then such the hydroxyl group is reacted with the amino group of the substances. The substances are 
directly bonded with the carboxyl group using a dehydration condensation catalyst such as carbodiimide. Alternatively, 
the carboxyl group is reacted with N-hydroxysuccinimide to introduce an active ester group in the carboxyl group and 
increase the reactivity and then the activated ester group is reacted with the amino group of the substances. 

In particular, esters such as N-hydroxysuccinimide esters of carboxylic acids and sulfonate esters such as trrf luor- 
45 oethanesulfonate ester of the hydroxyl group are preferable as the functional groups for immobilizing the tissue-induc- 
ing substance by the covalent bond. That is, the tissue-inducing substance is reacted with these functional groups 
which have been formed by graft polymerization using the alkali metal compound. Then, the tissue-inducing moiety is 
covalently bonded with these functional groups by replacing the ester moiety or sulfonate ester moiety with the tissue- 
inducing moiety of the tissue-inducing substance. Thereby, the tissue-inducing effect after the grafting of the artificial 
so blood vessel is improved, and the high patency ratio is obtained. 

The method for immobilizing the tissue-inducing substance through the covalent bond after introducing the carbox- 
ylic acid group and converting it to the N-hydroxysuccinimide ester will be explained more in detail. 

An EPTFE tube is dipped in a solution of an alkali metal compound such as methyllithium in, for example, diethyl 
ether under a nitrogen or argon atmosphere and hexamethylphosphoric triamide is added to the solution. Then, the 
55 solution containing the tube is kept standing at least 30 minutes at 0°C or lower (e.g. -1 0°C) to withdraw fluorine atoms 
from PTFE. After removing the solution, a solution of (meth)acrylic acid in an solvent such as tetrahydrofuran or water 
is added and reacted at an elevated temperature, for example, between 60°C and 80°C for at least 10 hours. After the 
reaction, excessive (meth)acrylic acid and non-grafted pdy(meth)acrylic acid are washed off to obtain the grafted pol- 
ymer of (meth)acrylic acid. 
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Then, the EPTFE tube on which poly(meth)acry)ic acid has been grafted is dipped in a solution of N-hydroxysuc- 
cinimide and dicyclohexylcarbodiimide in a solvent such as 1 ,4-dioxane at 0° or lower for at least 1 2 hours to form N- 
hydroxysucdnimide ester. 

After that, the EPTFE tube is dipped in a solution of the tissue-inducing substance in a phosphate buffer pH of 
5 which solution is adjusted to 1 1 to covalently bond the tissue-inducing substance. 

Preferable examples of the tissue-inducing substance are cell-adhesion materials and cell-growth materials, since 
these materials achieve the best tissue-inducing functions. They may be used independently or in combination. 

Examples of the cell-adhesion materials are collagen, gelatin, laminin, fibronectin and the like. Among them, 
f ibronectin is preferable. 

10 Examples of the cell-growth materials are TGF-a, transferrin, insulin, ECGF (endothelial cell growth factor), BPE 
(bovine pituitary extract). PDGF (platelet-derived growth factor). FGF (fibroblast growth factor) and the like. Among 
them, TGF-a, transferrin, insulin and FGF are preferable. 

Examples of the anti -thrombotic substances are anti-coagulants (e.g. hirudin, heparin, etc.), plasminogen activa- 
tors (e.g. t-PA, urokinase, etc.), fibrinolytic enzymes (e.g. plasmin, subtilisin, etc.), anti-platelet-aggregation agents (e.g. 
15 prostacyclin, aspirin, etc.) and the like. 

The immobilized amount of the tissue-inducing substance is usually between 50 and 500 ng, preferably between 
100 and 250 jig per. 1 cm of the tube. 

The immobilized amount of the anti-thrombotic substance is usually between 300 and 2000 jig, or between 60 and 
400 units for heparin, preferably between 400 and 750 \iq or between 80 and 1 50 units for heparin, per 1 cm of the tube. 
20 In a preferred embodiment, the anti-thrombotic substance is ionically immobilized onto a polyamine or its salt which 
is covalently bonded to EPTFE tube through a polymer which has been graft polymerized, on the surface of the tube 
which will be in contact with the blood in use. Such the ionic immobilization of the anti-thrombotic substance enables 
sustained release of the anti-thrombotic substance, and achieves the high patency ratio. 

The polyamine herein used is intended to mean a synthetic polymer comprising amino groups as repeating units. 
25 Preferable examples of the polyamine are polyallylamine, polyvinylamine, polyethyleneimine and their salts, and also 
mixtures of these polymers and/or salts. 

In a preferable case, the amino groups of the polyamine are partially acetylated. Preferably up to 90 %, more pref- 
erably 20 to 70 % of the amino groups are acetylated. The acetylation of the amino groups controls the sustained 
release rate of the anti-thrombotic substance such as heparin. That is, the sustained release rate depends on the 
30 degree of acetylation of the amino groups. When the degree of acetylation is higher, the anti-thrombotic substance is 
released in an earlier stage, while the degree of acetylation is lower, the anti-thrombotic substance is released over a 
longer period. As the result, the adjustment of the degree of acetylation enables the artificial blood vessels to release 
the necessary amount of the anti-thrombotic substance in the blood over the required period, and maintains the patency 
of the artificial blood vessel over a long period. 
35 The polyamine can be covalently bonded to the surface of the EPTFE tube by reacting the amino group of the 
polyamine with functional groups (e.g. carboxyl. aldehyde, hydroxy! groups, etc.) which have been introduced on the 
surface of the EPTFE tube and can covalently bond with the amino groups of the polymer. Such the functional groups 
can be introduced in the analogous methods to those explained above. 

An example of the method for covalently bonding the polyamine to the functional group formed on the EPTFE sur- 
40 faces will be explained using the carboxyl group as the functional group by way of example: 

On the surfaces of the EPTFE tube, (meth)acrylic acid is graft polymerized by the same method as described 
above. 

Then, the amino group of the polyamine is covalently bonded with the carboxyl group through the dehydration-con- 
densation. The dehydration reaction may be performed using a carbodiimide such as 1 -ethyl-3-(dimethylaminopro- 
45 pyl)carbodiimide. Alternatively, the carboxyl group is converted to an ester group such as the N-hydroxysuccinimide 
ester to increase the reactivity, and then reacted with the polyamine. 

The amino groups of the polyamine may be acetylated prior to or after the covalent bonding of the polyamine to the 
surface of the EPTFE tube. 

The acetylation can be performed by any known method, for example, by reacting the polyamine with acetic add in 
so the presence of 1 -ethyl-3-(dimethylaminopropyl)-carbodiimide. The degree of acetylation can be controlled by adjusting 
the acetylation time. 

The molecular weight of the polyamine is usually between 1000 and 100,000 in terms of a weight average molec- 
ular weight which is measured on a 3.5 M solution of the polyamine in saline by the sedimentation equilibrium method. 
When the molecular weight is less than 1000, the amount of the immobilized anti-thrombotic substance tends to 
55 decrease. When the molecular weight exceeds 100,000, the effidency for immobilizing the anti-thrombotic substance 
to EPTFE tube tends to decrease. 

The anti-thrombotic substance is ionically immobilized to the surfaces of the EPTFE tube by dipping the EPTFE 
tube carrying the covalently bonded polyamine in the solution of the anti-thrombotic substance. 

In another embodiment, the anti-thrombotic substance maybe immobilized only to the nodes of EPTFE on the sur- 
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face of the tube which will be in contact with the blood in use. To this end, the EPTFE tube preferably has a mean dis- 
tance between nodes, that is, a mean fibril length of at least 60 urn on a side of the tube which will be in contact with 
the blood in use. Mae preferably, the EPTFE tube has a multilayer structure having the mean fibril length of at least 60 
tim on a side of the tube which will be in contact with the blood in use and at least one layer in which a fibril length of 
5 EPTFE tube is between 20 and 40 urn. 

The mean fibril length means an average distance between the nodes which connect the fibrils of the EPTFE tube 
and is measured using a scanning electron microscope (SEM). That is, the f foril lengths are measured in three fields of 
view at thirty points in each field of view in the SEM photograph and averaged. 

The artificial blood vessel in which the tissue-inducing substance is immobilized onto all the surfaces of the EPTFE 
io tube including the pore surfaces, and the anti-thrombotic substance is immobilized onto the inner surface of the tube 
can be produced by one of the following methods: 

In the first method, only the tissue-inducing substance is immobilized onto all the surface of the first EPTFE tube, 
while the tissue-inducing substance and the anti-thrombotic substance are immobilized onto all the surfaces of the sec- 
ond EPTFE tube. Then, the first EPTFE tube is laminated over the outer surface of the second EPTFE tube. 
is In the second method, methacrylic acid is graft polymerized on all the surfaces of the EPTFE tube. Prior to the 
bonding of polyamine or its salt, all the portions of the EPTFE tube except the inner surface are masked with a masking 
material such as paraffin. Then, the polyamine or its salt is bonded to the unmasked inner surface, and the masking 
material is removed. Finally, the tissue-inducing substance and the anti-thrombotic substance are bonded. Thus, the 
anti-thrombotic substance is immobilized only onto the inner surface of the EPTFE tube to which the polyamine or its 
20 salt has been bonded, while the tissue-inducing substrate is immobilized onto all the surfaces of the EPTFE tube. 

Preferably, the nodes exposed on the inner surface of the EPTFE tube which will be in contact with the Wood occu- 
pies 5 to 50 % of the whole inner surface area to effectively attain both of the anti-thrombotic and tissue-inducing effects. 

The anti-thrombotic substance can be immobilized to the nodes of the inner surface of EPTFE tube as follows: 

The EPTFE tube to which the tissue-inducing substance has been immobilized as explained above is compressed 
25 in the longitudinal direction, that is, the direction along the axis of the tube, and the fibrils of EPTFE tube are warped. 
By this warping of the fibrils, the nodes project from the inner surface of the tube. Under such condition of the tube, a 
solution of the anti-thrombotic substance is passed through the inside of the tube, and the anti-thrombotic substance is 
immobilized only on the nodes. After that, the tube is relaxed. 

30 EXAMPLES 

The present invention will be explained further in detail by the following Examples, in which a fibril length means a 
mean fibril length measured using a scanning electron microscope. 

35 Example 1 

Each of an EPTFE tube having an inner diameter of 2 mm, an outer diameter of 2.5 mm and a fibril length of 60 ^im 
(Tube 1) and an EPTFE tube having an inner diameter of 2.5 mm, an outer diameter of 3 mm and a fibril length of 30 
pjn (Tube 2) was dipped in a mixture of a 1.4 M solution of methyllithium in ethyl ether (20 mi) and hexamethylphos- 

40 phoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of acrylic 
acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid and ung rafted 
polymer of acrylic acid were washed off, and an acrylic acid-grafted EPTFE tube was obtained. The grafted amounts of 
acrylic acid were about 80 ug and about 120 ug per 1 cm of the tube for Tubes 1 and 2, respectively, when calculated 
from the weight change of the tubes. 

45 Each tube was dipped in a solution of N-hydroxysuctinimide (2.1 g) and dicyclohexylcarbodiimide (1.9 g) in 1,4- 
dioxane (100 ml) at 0°C for 12 hours, and acrylic acid was changed to the N-hydroxysuccinimide ester. The esterified 
tube was dipped in a solution of f toronectin (30 mg) in a phosphate buffer (pH of 1 1 ) (100 ml), and f bronectin was immo- 
bilized through the covalent bond to the ester groups. The ungrafted polymer of meth of fibronectin were about 45 ug 
and about 70 ug per 1 cm of the tube for Tubes 1 and 2, respectively when calculated from the weight change. 

so Next, the tube was dipped in a solution of transferrin in a phosphate buffer (pH of 1 1 ) (1 00 ml), and transferrin was 
immobilized through the covalent bond. Trie immobilized amount of transferrin was about 35 ug and about 60 per 1 
cm of the tube for Tubes 1 and 2, respectively when calculated from the weight change. 

Then, Tube 1 was dipped in a 0.05 % aqueous solution of heparin (available from SANOFI) for 10 minutes and 
freeze dried, and the heparin-immobilized EPTFE tube was obtained. The immobilized amount of heparin was about 

55 200 jig per 1 cm of the tube when calculated from the weight change. 

Finally, a stainless steel rod having a diameter of 2 mm was inserted in Tube 1 . Then, Tube 2 was laminated over 
Tube 1 with close contact, and an artificial Wood vessel was obtained. 
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Example 2 

Each of an EPTFE tube having an inner diameter of 2 mm, an outer diameter of 2.5 mm and a fibril length of 60 ^m 
(Tube 1) and an EPTFE tube having an inner diameter of 2.5 mm, an outer diameter of 3 mm and a f tori I length of 30 
5 iim (Tube 2) was dipped in a mixture of a 1 .4 M solution of methytlithium in ethyl ether (20 ml) and hexamethylphos- 
phoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of acrylic 
acid (1 g) in water (20 ml) was added and reacted at 80° C for 10 hours. After this, excessive acrylic acid and ung rafted 
polymer of acrylic acid were washed off. and an acrylic acid-grafted EPTFE tube was obtained. The grafted amounts of 
acrylic acid were about 80 ug and about 120 ug per 1 cm of the tube for Tubes 1 and 2, respectively when calculated 
w from the weight change of the tubes. 

Each tube was dipped in a solution of N-hydroxysuccinimide (2.1 g) and dicyclohexylcarbodiimide (1.9 g) in 1,4- 
dioxane (100 ml) at 0°C for 12 hours, and acrylic acid was changed to the N-hydroxysuccinimide ester. The esterified 
tube was dipped in a solution of fbronectin (30 mg) in a phosphate buffer (pH of 1 1) (100 ml), and fibronectin was immo- 
bilized through the covalent bond to the ester groups. The immobilized amount of fibronectin was about 45 ug and about 
is 70 ug per 1 cm of the tube for Tubes 1 and 2. respectively when calculated from the weight change. 

Then, Tube 1 was dipped in a 0.05 % aqueous solution of heparin (available from SANOFI) for 10 minutes and 
freeze dried, and the heparin-immobilized EPTFE tube was obtained. The immobilized amount of heparin was about 
200 ug per 1 cm of the tube when calculated from the weight change 

Finally, a stainless steel rod having a diameter of 2 mm was inserted in Tube 1. Then, Tube 2 was laminated over 
20 Tube 1 with close contact, and an artificial blood vessel was obtained. 

Example 3 

A stainless steel rod having a diameter of 2 mm was inserted in an EPTFE tube having an inner diameter of 2 mm, 
25 an outer diameter of 2.5 mm and a fibril length of 60 um (Tube 1). Then, an EPTFE tube having an inner diameter of 
2.5 mm, an outer diameter of 3 mm and a fibril length of 30 um (Tube 2) was laminated over Tube 1 with close contact 
and heated at 340°C for 20 minutes to adhere the tubes, and a laminated tube was obtained. 

The laminated tube was dipped in a mixture of a 1 .4 M solution of methytlithium in ethyl ether (20 ml) and hexam- 
ethylphosphoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution 
30 of acrylic acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid and 
ungrafted polymer of acrylic acid were washed off, and an acrylic acid-grafted EPTFE tube was obtained. The grafted 
amount of acrylic acid was about 190 ug per 1 cm of the tube when calculated from the weight change of the tube. 

The tube was dipped in a solution of N-hydroxysuccinimide (2. 1 g) and dicyclohexylcarbodiimide (1 .9 g) in 1 ,4-diox- 
ane (100 ml) at 0°C for 12 hours, and acrylic acid was changed to the N-hydroxysuccinimide ester. The esterified tube 
35 was dipped in a solution of fibronectin (30 mg) in a phosphate buffer (pH of 1 1) (100 ml), and fbronectin was immobi- 
lized through the covalent bond to the ester groups. The immobilized amount of fibronectin was about 1 1 0 u.g per 1 cm 
of the tube when calculated from the weight change. 

Example 4 

40 

A stainless steel rod having a diameter of 2 mm was inserted in an EPTFE tube having an inner diameter of 2 mm, 
an outer diameter of 2.5 mm and a fibril length of 60 urn (Tube 1). Then, an EPTFE tube having an inner diameter of 
2.5 mm, an outer diameter of 3 mm and a fibril length of 30 um (Tube 2) was laminated over Tube 1 with close contact 
and heated at 340°C for 20 minutes to adhere the tubes, and a laminated tube was obtained. 

45 The laminated tube was dipped in a mixture of a 1.4 M solution of methyllrthium in ethyl ether (20 ml) and hexam- 
ethylphosphoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution 
of acrylic acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid and 
ungrafted polymer of acrylic acid were washed off, and an acrylic acid-grafted EPTFE tube was obtained. The grafted 
amount of acrylic acid was about 190 ug per 1 cm of the tube when calculated from the weight change of the tube. 

so The tube was dipped in a solution of N-hydroxysuccinimide (2.1 g) and dicyclohexylcarbodiimide (1 .9 g) in 1 ,4-diox- 
ane (100 ml) at 0°C for 12 hours, and acrylic acid was changed to the N-hydroxysuccinimide ester. The esterified tube 
was dipped in a solution of transferrin (30 mg) in a phosphate buffer (pH of 1 1 ) (1 00 ml), and transferrin was immobilized 
through the covalent bond to the ester groups. The immobilized amount of transferrin was about 93 ug per 1 cm of the 
tube when calculated from the weight change. 

55 

Example 5 

A stainless steel rod having a diameter of 2 mm was inserted in an EPTFE tube having an inner diameter of 2 mm, 
an outer diameter of 2.5 mm and a fibril length of 60 um (Tube 1). Then, an EPTFE tube having an inner diameter of 
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2.5 mm, an outer diameter of 3 mm and a fibril length of 30 um (Tube 2) was laminated over Tube 1 with close contact 
and heated at 340°C for 20 minutes to adhere the tubes, and a laminated tube was obtained. 

The laminated tube was dipped in a mixture of a 1 .4 M solution of methyllithium in ethyl ether (20 ml) and hexam- 
ethylphosphoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution 
5 of acrylic acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid and 
ungrafted polymer of acrylic acid were washed off, and an acrylic acid-grafted EPTFE tube was obtained. The grafted 
amount of acrylic acid was about 190 ug per 1 cm of the tube when calculated from the weight change of the tube. 

The tube was dipped in a solution of N-hydroxysuccinimide (2. 1 g) and dicyclohexylcarbodiimide (1 .9 g) in 1 ,4-diox- 
ane (100 ml) at 0°C fa 12 hours, and acrylic acid was changed to the N-hydroxysuccinimide ester. The esterified tube 
10 was dipped in a solution of fibronectin (30 mg) in a phosphate buffer (pH of 1 1) (100 ml), and fbronectin was immobi- 
lized through the covalent bond to the ester groups. The immobilized amount of fibronectin was about 1 10 ug per 1 cm 
of the tube when calculated from the weight change. 

Then, the tube was dipped in a solution of transferrin (30 mg) in a phosphate buffer (pH of 1 1) (100 ml), and trans- 
ferrin was immobilized through the covalent bond to the ester groups. The immobilized amount of transferrin was about 
is 93 ug per 1 cm of the tube when calculated from the weight change. 

Example 6 

A stainless steel rod having a diameter of 2 mm was inserted in an EPTFE tube having an inner diameter of 2 mm, 
20 an outer diameter of 2.5 mm and a fibril length of 60 urn (Tube 1). Then, an EPTFE tube having an inner diameter of 
2.5 mm, an outer diameter of 3 mm and a fibril length of 30 um (Tube 2) was laminated over Tube 1 with close contact 
and heated at 340°C for 20 minutes to adhere the tubes, and a laminated tube was obtained. 

The laminated tube was dipped in a mixture of a 1 .4 M solution of methyllithium in ethyl ether (20 ml) and hexam- 
ethylphosphoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution 
25 of acrylic acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid and 
ungrafted polymer of acrylic acid were washed off, and an acrylic acid-grafted EPTFE tube was obtained. The grafted 
amount of acrylic acid was about 190 ug per 1 cm of the tube when calculated from the weight change of the tube. 

The tube was dipped in a solution of N-hydroxysuccinimide (2.1 g) and dicyclohexylcarbodiimide (1 .9 g) in 1 ,4-diox- 
ane (100 ml) at 0°C for 12 hours, and acrylic acid was changed to the N-hydroxysuccinimide ester. The esterified tube 
30 was dipped in a solution of fibronectin (30 mg) in a phosphate buffer (pH of 1 1) (100 ml), and fibronectin was immobi- 
lized through the covalent bond to the ester groups. The immobilized amount of fibronectin was about 1 1 0 ug per 1 cm 
of the tube when calculated from the weight change. 

Finally, the tube was dipped in a 0.02 % aqueous solution of heparin (available from SANOFI) for 10 minutes and 
freeze dried, and the heparin-immobilized EPTFE tube was obtained. The immobilized amount of heparin was about 
35 200 ug 1 cm of the tube when calculated from the weight change. 

Example 7 

An EPTFE tube having an inner diameter of 2 mm, an outer diameter of 3 mm and a fibril length of 60 um was 
40 dipped in a mixture of a 1 .4 M solution of methyllithium in ethyl ether (20 ml) and hexamethylphosphoric amide (2 ml) 
at -1 0°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of acrylic acid (1 g) in water (20 
ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid and ungrafted polymer of acrylic acid 
were washed off, and an acrylic acid-grafted EPTFE tube was obtained. The grafted amount of acrylic acid was about 
120 ug per 1 cm of the tube when calculated from the weight change of the tube. 
45 The tube was dipped in a solution of N-hydroxysuccinimide (2.1 g) and dicyclohexylcarbodiimide (1 .9 g) in 1 ,4-diox- 
ane (100 ml) at 0°C for 12 hours, and acrylic acid was changed to the N-hydroxysuccinimide ester. The esterified tube 
was dipped in a solution of fibronectin (30 mg) in a phosphate buffer (pH of 11) (100 ml), and fibronectin was immobi- 
lized through the covalent bond to the ester groups. The immobilized amount of fibronectin was about 90 ug per 1 cm 
of the tube when calculated from the weight change. 

50 

Example 9 

Each of an EPTFE tube having an inner diameter of 2 mm, an outer diameter of 2.5 mm and a fibril length of 60 um 
(Tube 1) and an EPTFE tube having an inner diameter of 2.5 mm, an outer diameter of 3 mm and a fibril length of 60 
55 um (Tube 2) was dipped in a mixture of a 1.4 M solution of methyllithium in ethyl ether (20 ml) and hexamethylphos- 
phoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of acrylic 
acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid and ungrafted 
polymer of acrylic acid were washed off, and an acrylic acid-grafted EPTFE tube was obtained. The grafted amounts of 
acrylic acid were about 80 ug and about 90 ug per 1 cm of the tube for Tubes 1 and 2, respectively when calculated 
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from the weight change of the tubes. 

Each of the acrylic acid-grafted EPTFE tubes was dipped in a solution of N-hydraxysuccinimide (2.1 g) and dicy- 
clohexylcarbodiimtde ( 1 .9 g) in 1 ,4-dioxane ( 1 00 ml) at 0°C for 1 2 hours, and acrylic acid was changed to the N-hydrox- 
ysuccinimide ester. The esterrfied tube was dipped in a solution of fforonectin (30 mg) in a phosphate buffer (pH of 11) 
5 (100 ml), and fibronectin was immobilized through the covalent bond to the ester groups. The immobilized amount of 
f ibronectin was about 45 ug and about 50 ug per 1 cm of the tube for Tubes 1 and 2, respectively when calculated from 
the weight change. 

The tube 1 was dipped in a 0.05 % aqueous solution of heparin (available from SANOFI) for 10 minutes and freeze 
dried, and the heparin-immobilized EPTFE tube was obtained. The immobilized amount of heparin was about 200 ug 
to per 1 cm of the tube when calculated from the weight change. 

Finally, a stainless steel rod having a diameter of 2 mm was inserted in Tube 1 . Then, Tube 2 was laminated over 
Tube 1 with close contact, and an artificial blood vessel was obtained. 

Example 9 

15 

Each of an EPTFE tube having an inner diameter of 2 mm, an outer diameter of 2.5 mm and a fibril length of 30 um 
(Tube 1) and an EPTFE tube having an inner diameter of 2.5 mm, an outer diameter of 3 mm and a fibril length of 30 
um (Tube 2) was dipped in a mixture of a 1.4 M solution of methyllithium in ethyl ether (20 ml) and hexamethylphos- 
phoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of acrylic 

20 acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid and ungrafted 
polymer of acrylic acid were washed off, and an acrylic acid-grafted EPTFE tube was obtained. The grafted amounts of 
acrylic acid were about 100 ug and about 120 ug per 1 cm of the tube for Tubes 1 and 2, respectively when calculated 
from the weight change of the tubes. 

Then, each of the acrylic acid-grafted EPTFE tubes was dipped in a solution of N-hydroxysuccinimide (2.1 g) and 

25 dicyclohexylcarbodiimide (1.9 g) in 1,4-diaxane (100 ml) at 0°C for 12 hours, and acrylic acid was changed to the N- 
hydroxysuccinimide ester. The esterrfied tube was dipped in a solution of fibronectin (30 mg) in a phosphate buffer (pH 
of 11) (100 ml), and fibronectin was immobilized through the covalent bond to the ester groups. The immobilized 
amount of fibronectin was about 50 ug and about 70 ug per 1 cm of the tube for Tubes 1 and 2, respectively when cal- 
culated from the weight change. 

30 The tube 1 was dipped in a 0.05 % aqueous solution of heparin (available from SANOFI) for 1 0 minutes and freeze 
dried, and the heparin-immobilized EPTFE tube was obtained. The immobilized amount of heparin was about 200 ug 
per 1 cm of the tube when calculated from the weight change. 

Finally, a stainless steel rod having a diameter of 2 mm was inserted in Tube 1 . Then, Tube 2 was laminated over 
Tube 1 with close contact, and an artificial blood vessel was obtained. 

35 

Comparative Example 1 

An EPTFE tube having an inner diameter of 2 mm, an outer diameter of 3 mm and a fibril length of 30 um was used 
as an artificial blood vessel. 

40 

Comparative Example 2 

An EPTFE tube having an inner diameter of 2 mm, an outer diameter of 3 mm and a fibril length of 60 um was used 
as an artificial blood vessel. 

45 

Comparative Example 3 

An EPTFE tube having an inner diameter of 2 mm, an outer diameter of 2.5 mm and a fibril length of 60 um (Tube 
1 ) and an EPTFE tube having an inner diameter of 2.5 mm, an outer diameter of 3 mm and a fibril length of 30 um (Tube 
so 2) were provided. 

A stainless steel rod having a diameter of 2 mm was inserted in Tube 1 . Then, Tube 2 was laminated over Tube 1 
with close contact and heated at 340°C for 20 minutes to adhere two tubes. 

Example 1Q 

55 

An EPTFE tube having an inner diameter of 2 mm, an outer diameter of 3 mm and a fibril length of 30 um was 
dipped in a mixture of a 1.4 M solution of methyllithium in ethyl ether (20 ml) and hexamethylphosphoric amide (2 ml) 
at -1 0°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of acrylic acid (1 g) in water (20 
ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid and ungrafted polymer of acrylic acid 
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were washed off, and an acrylic acid-grafted EPTFE tube was obtained. The grafted amount of acrylic acid was about 
21 0 fig per 1 cm of the tube when calculated from the weight change of the tubes. 

The tube was dipped in a solution of N-hydraxysuccinimide (2. 1 g) and dicyciohexylcarbodiimide (1 .9 g) in 1 ,4-diox- 
ane (100 ml) at 0°C for 12 hours, and acrylic acid was changed to the N-hydroxysuccinimide ester. The esterrf ied tube 
s was dipped in a solution of fibronectin (30 mg) in a phosphate buffer (pH of 1 1) (100 ml), and fforonectin was immobi- 
lized through the covaient bond to the ester groups. The immobilized amount of fibronectin was about 1 10 jig per 1 cm 
of the tube when calculated from the weight change. 

Example 1 1 

10 

A stainless steel rod having a diameter of 2 mm was inserted in an EPTFE tube having an inner diameter of 2 mm, 
an outer diameter of 2.5 mm and a fibril length of 60 \am (Tube 1). Then, an EPTFE tube having an inner diameter of 
2.5 mm, an outer diameter of 3 mm and a fibril length of 30 jim (Tube 2) was laminated over Tube 1 with close contact 
and heated at 340°C for 20 minutes to adhere the tubes, and a laminated tube was obtained. 

is The laminated tube was dipped in a mixture of a 1 .4 M solution of methyllithium in ethyl ether (20 ml) and hexanv 
ethylphosphoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution 
of acrylic acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid and 
ungrafted polymer of acrylic acid were washed off, and an acrylic acid-grafted EPTFE tube was obtained. The grafted 
amount of acrylic acid was about 1 90 jig per 1 cm of the tube when calculated from the weight change of the tube. 

20 Then, the tube was dipped in an aqueous solution containing 0.05 % of fibronectin (derived from bovine plasma, 
manufactured by NIPPON HAM) and 0.5 % of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, pH of which had been 
adjusted to 5 with 1N hydrochloric acid, for 24 hours, removed from the solution and washed with water, and the 
fibronectin-immobilized EPTFE tube was obtained. The immobilized amount of fibronectin was about 1 10 ug per 1 cm 
of the tube. 

25 Finally, the tube was dipped in an aqueous solution containing 0.05 % of transferrin and 0.5 % of 1 -ethyl-3-(3- 
dimethylaminopropyl)carbodiimide, pH of which had been adjusted to 5 with 1 N hydrochloric acid, for 24 hours, 
removed from the solution and washed with water, and the transferrin-immobilized EPTFE tube was obtained. The 
immobilized amount of transferrin was about 95 ug per 1 cm of the tube. 

Ten artificial blood vessels (each having a length of 3 cm) prepared in each of Examples 1 to 1 1 and Comparative 
30 Examples 1 to 3 were implanted in carotid arteries of ten rabbits. The results are shown in Table 1 . 

The patency ratio means a ratio of the number of artificial blood vessels which maintained the blood flow after the 
specified time to the number of tested artificial blood vessels (ten blood vessels). 

The artificial blood vessels which had the fibril length of 60 jim on the surface which is in contact with blood and the 
fibril length of 30 ji in other parts, and to which both fibronectin and heparin were immobilized had excellent patency 
35 ratios. In particular, those having heparin immobilized in the inner layer had the patency ratio of 100 % (10/10). 

The surface area which was covered with endothelial cells was measured with each artificial blood vessel. The arti- 
ficial blood vessels to which fibronectin and/or transferrin were immobilized using N-hydroxysucciniimide (active ester 
method) had the high covered surface area. In particular, the artificial blood vessels to which both fibronectin and trans- 
ferrin were immobilized had the highest covered surface area. 
40 Many of the artificial blood vessels which did not contain the layer having the fibril length of 30 urn were warped 
after implantation and/or adhered to surrounding tissues heavily. 
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Example 12 (Reference) 

A quantity of paraffin was impregnated to a depth of about 50 from the outer surface of an EPTFE tube having 
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an inner diameter of 2 mm, an outer diameter of 3 mm, a length of 20 cm, a fbril length of 30 urn and a porosity of 75 
%. Then, the tube was dipped in a mixture of a 1.4 M solution of methytlithium in ethyl ether (20 ml) and hexamethyl- 
phosphoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of 
acrylic acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid. 
5 ungrafted polymer of acrylic acid and paraffin were washed off, and an acrylic acid-grafted EPTFE tube was obtained. 
The grafted amount of acrylic acid was about 235 \iq per 1 cm of the tube when calculated from the weight change of 
the tubes. 

Exqmple 13 (Reference) 

10 

A quantity of paraffin was impregnated to a depth of about 1 00 \im from the outer surface of an EPTFE tube having 
an inner diameter of 2 mm, an outer diameter of 3 mm, a length of 20 cm, a fbril length of 30 jim and a porosity of 75 
%. Then, the tube was dipped in a mixture of a 1.4 M solution of methyliithium in ethyl ether (20 ml) and hexamethyl- 
phosphoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of 
is acrylic acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid, 
ungrafted polymer of acrylic acid and paraffin were washed off, and an acrylic acid-grafted EPTFE tube was obtained. 
The grafted amount of acrylic acid was about 195 ng per 1 cm of the tube when calculated from the weight change of 
the tubes. 

20 Example 14 (Reference) 

A quantity of paraffin was impregnated to a depth of about 300 from the outer surface of an EPTFE tube having 
an inner diameter of 2 mm, an outer diameter of 3 mm, a length of 20 cm, a fbril length of 30 urn and a porosity of 75 
%. Then, the tube was dipped in a mixture of a 1 .4 M solution of methyliithium in ethyl ether (20 ml) and hexarnethyl- 
25 phosphoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of 
acrylic acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid, 
ungrafted polymer of acrylic acid and paraffin were washed off, and an acrylic acid-grafted EPTFE tube was obtained. 
The grafted amount of acrylic acid was about 90 \ig per 1 cm of the tube when calculated from the weight change of the 
tubes. 

30 

Example 15 (Reference) 

A quantity of paraffin was impregnated to a depth of about 480 um from the outer surface of an EPTFE tube having 
an inner diameter of 2 mm, an outer diameter of 3 mm, a length of 20 cm, a fbril length of 30 jim and a porosity of 75 

35 %. Then, the tube was dipped in a mixture of a 1.4 M solution of methyliithium in ethyl ether (20 ml) and hexamethyl- 
phosphoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of 
acrylic acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid, 
ungrafted polymer of acrylic acid and paraffin were washed off, and an acrylic acid-grafted EPTFE tube was obtained. 
The grafted amount of acrylic acid was about 20 ng per 1 cm of the tube when calculated from the weight change of the 

40 tubes. 

Example 16 

The acrylic acid-grafted EPTFE tube produced in Example 1 4 was dipped in a 0.05 % aqueous solution of heparin 
45 (available from SANOFI) for 10 minutes and freeze dried, and the heparin-immobilized EPTFE tube was obtained. The 
immobilized amount of heparin was about 550 \iq per 1 cm of the tube when calculated from the weight change. 

Example 17 

so The acrylic acid-grafted EPTFE tube prepared in Example 14 was dipped in an aqueous solution containing 0.05 
% of fibronectin (derived from bovine plasma, manufactured by NIPPON HAM) and 0.5 % of 1-ethyl-3-(3-dimethylami- 
nopropyf)carbodiimide, pH of which had been adjusted to 5 with 1N hydrochloric add, for 24 hours and washed with 
water, and the fibronectin-immobilized EPTFE tube was obtained. The immobilized amount of fbronectin was about 
1 60 ug per 1 cm of the tube. 

55 

Example 19 

The fibronectin-immobilized EPTFE tube prepared in Example 17 was dipped in a 0.5 % aqueous solution of 
heparin (available from SANOFI) for 10 minutes and freeze dried, and the heparin-immobilized EPTFE tube was 
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obtained. The immobilized amount of heparin was about 550 1 cm of the tube when calculated from the weight 
change. 

Comparative Example 4 

5 

An EPTFE tube having an inner diameter of 2 mm, an outer diameter of 3 mm, a length of 20 cm, a fibril length of 
30 }im and a porosity of 75 % was used as an artificial blood vessel without any treatment. 

Comparative Example 5 

10 

An EPTFE tube having an inner diameter of 2 mm, an outer diameter of 3 mm, a length of 20 cm, a fibril length of 
30 \im and a porosity of 75 % was dipped in a mixture of a 1.4 M solution of methyllithium in ethyl ether (20 ml) and 
hexamethylphosphoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a 
solution of acrylic acid (1 g) in water (20 ml) was added and reacted at 80° C for 10 hours. After this, excessive acrylic 
is acid and ungrafted polymer of acrylic acid were washed off, and an acrylic acid-grafted EPTFE tube was obtained. The 
grafted amount of acrylic acid was about 250 jig per 1 cm of the tube when calculated from the weight change of the 
tubes. 

Comparative Example 6 

20 

The acrylic acid-grafter EPTFE tube prepared in the same manner as Comparative Example 5 was dipped in a 0.5 
% aqueous solution of heparin (available from SANOFI) for 10 minutes and freeze dried, and the heparin- immobilized 
EPTFE tube was obtained. The immobilized amount of heparin was about 920 \ig 1 cm of the tube when calculated 
from the weight change. 

25 

Comparative Example 7 

A quantity of paraffin was impregnated to a depth of about 20 urn from the outer surface of an EPTFE tube having 
an inner diameter of 2 mm, an outer diameter of 3 mm, a length of 20 cm, a f foril length of 30 \im and a porosity of 75 

30 %. Then, the tube was dipped in a mixture of a 1.4 M solution of methyllithium in ethyl ether (20 ml) and hexamethyl- 
phosphoric amide (2 ml) at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of 
acrylic acid (1 g) in water (20 ml) was added and reacted at 80°C for 10 hours. After this, excessive acrylic acid, 
ungrafted polymer of acrylic acid and paraffin were washed off, and an acrylic acid-grafted EPTFE tube was obtained. 
The grafted amount of acrylic acid was about 250 ug per 1 cm of the tube when calculated from the weight change of 

35 the tubes. 

The patency ratios of the artificial blood vessels produced in Examples 12-18 and Comparative Examples 4-7 were 
evaluated in the same way as in Examples 1-11. The results are shown in Table 2. 
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Example 19 

An EPTFE tube having an inner diameter of 4 mm, an outer diameter of 5 mm and a length of 30 mm was dipped 
in a mixture of a 1.4 M solution of methyllithium in ethyl ether (20 ml) and hexamethylphosphoric amide (2 ml) at 0°C in 

5 a nitrogen atmosphere for 30 minutes. After discarding the mixture, a solution of methacrytic acid (3 g) in tetrahydro- 
furan (20 ml) was added and reacted at 60°C for 10 hours. After this, excessive methacrytic acid and ungrafted polymer 
of methacrylic acid were washed off, and a methacrylic acid-grafted EPTFE tube was obtained. The grafted amount of 
methacrylic acid was about 132 ug per 1 cm of the tube when calculated from the weight change of the tube. 

Polyallyiamine having an acetylation rate of 0 mole % was reacted with the obtained methacrytic acid-grafted 

10 EPTFE tube in the presence of 1-ethyt-3-(dimethylaminopropyl)carbodiimide, and immobilized to the tube through the 
covalent bond. The immobilized amount of polyallyiamine was about 162 jig/cm when calculated from the weight 
change of the tube. 

The tube was dipped in a 10 % aqueous solution of heparin for 2 hours for ionically bonding heparin to the tube, 
and the heparin-immobilized EPTFE tube was obtained. The immobilized amount of heparin was about 62 UNIT per 1 
15 cm of the tube. 

The sustained reieasability of heparin from the obtained heparin-immobilized EPTFE tube was evaluated in vitro . 

A 2 M (mol/l) aqueous solution of sodium chloride was flowed through the heparin-immobilized EPTFE tube at a 
flow rate of 1 0 ml/min. with a peristaltic pump, and a remaining amount of heparin was measured after a specific period. 
The results are shown in Fig. 1. 
20 Ten heparin-immobilized EPTFE artificial Wood vessels were implanted in carotid arteries of ten dogs, and a pat- 
ency ratio after one and four weeks was checked. The results are shown in Table 3. 

Example 20 

25 Methacrylic acid was graft polymerized on the EPTFE tube in an amount of 132 ^g/cm in the same manner as in 
Example 19. Then, polyallyiamine having an acetylation rate of 30 mole % was immobilized through covalent bond in 
an amount of 152 jig/cm, and further heparin was immobilized through ion bond in an amount of 56 UNIT/cm in the 
same manners as in Example 19. 

The sustained reieasability of heparin from the obtained heparin-immobilized EPTFE tube was evaluated in vitro in 
30 the same method as in Example 19. The results are shown in Fig. 1 . 

Ten heparin-immobilized EPTFE artificial blood vessels were implanted in carotid arteries of ten dogs, and a pat- 
ency ratio after one and four weeks was checked. The results are shown in Table 3. 

Example 21 

35 

Methacrylic acid was graft polymerized on the EPTFE tube in an amount of 132 ng/cm in the same manner as in 
Example 19. Then, polyallyiamine having an acetylation rate of 60 mole % was immobilized through covalent bond in 
an amount of 138 ug/cm, and further heparin was immobilized through ion bond in an amount of 48 UNIT/cm in the 
same manners as in Example 19. 
40 The sustained reieasability of heparin from the obtained heparin-immobilized EPTFE tube was evaluated ia yjfcQ in 
the same method as in Example 19. The results are shown in Fig. 1 . 

Ten heparin-immobilized EPTFE artificial blood vessels were implanted in carotid arteries of ten dogs, and a pat- 
ency ratio after one and four weeks was checked. The results are shown in Table 3. 

45 Example 22 

Methacrylic acid was graft polymerized on the EPTFE tube in an amount of 232 ug/cm in the same manner as in 
Example 19 except that 6 g of methacrylic acid was used. Then, polyallyiamine having an acetylation rate of 0 mole % 
was immobilized through covalent bond in an amount of 353 jig/cm, and further heparin was immobilized through ion 
so bond in an amount of 105 UNIT/cm in the same manners as in Example 19. 

The sustained reieasability of heparin from the obtained heparin-immobilized EPTFE tube was evaluated in vitro in 
the same method as in Example 19. The results are shown in Fig. 1. 

Ten heparin-immobilized EPTFE artificial blood vessels were implanted in carotid arteries of ten dogs, and a pat- 
ency ratio after one and four weeks was checked. The results are shown in Table 3. 

55 

Example 23 

Methacrylic acid was graft polymerized on the EPTFE tube in an amount of 232 ug/cm in the same manner as in 
Example 19 except that 6 g of methacrylic acid was used. Then, polyallyiamine having an acetylation rate of 30 mole 
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% was immobilized through covalent bond in an amount of 348 ^g/cm, and further heparin was immobilized through ion 
bond in an amount of 96 UNIT/cm in the same manners as in Example 19. 

The sustained releasability of heparin from the obtained heparin-immobilized EPTFE tube was evaluated in vitro in 
the same method as in Example 19. The results are shown in Fig. 1 . 
5 Ten heparin-immobilized EPTFE artificial blood vessels were implanted in carotid arteries of ten dogs, and a pat- 
ency ratio after one and four weeks was checked. The results are shown in Table 3. 

Example 24 

10 Methacrylic acid was graft polymerized on the EPTFE tube in an amount of 232 ug/cm in the same manner as in 
Example 19 except that 6 g of methacrylic add was used. Then, polyallylamine having an acetylation rate of 60 mole 
% was immobilized through covalent bond in an amount of 339 ug/cm, and further heparin was immobilized through ion 
bond in an amount of 88 UNIT/cm in the same manners as in Example 19. 

The sustained releasability of heparin from the obtained heparin-immobilized EPTFE tube was evaluated in yjfcQ in 
is the same method as in Example 19. The results are shown in Fig. 1 . 

Ten heparin-immobilized EPTFE artificial blood vessels were implanted in carotid arteries often dogs, and a pat- 
ency ratio after one and four weeks was checked. The results are shown in Table 3. 

Comparative Example 8 

20 

An EPTFE tube having an inner diameter of 4 mm. an outer diameter of 5 mm and a length of 30 mm was dipped 
successively in ethanol. and water and maintained in a 0.1 % solution of protamine for one hour. After this, the tube was 
dipped in a 1 % aqueous solution of glutaraldehyde. 

The tube was dipped in a 10 % aqueous solution of heparin for 2 hours for ionically bonding heparin to the tube, 
25 and the heparin-immobilized EPTFE tube was obtained. 

The ungrafted polymer of meth of protamine and heparin were about 120 ug/cm and 31 UNIT/cm, respectively. 
The sustained releasability of heparin from the obtained heparin-immobilized EPTFE tube was evaluated in vitro in 
the same method as in Example 19. The results are shown in Fig. 2. 

Ten heparin-immobilized EPTFE artificial blood vessels were implanted in carotid arteries of ten dogs, and a pat- 
30 ency ratio after one and four weeks was checked. The results are shown in Table 3. 

Comparative Example 9 

An EPTFE tube having an inner diameter of 4 mm, an outer diameter of 5 mm and a length of 30 mm was dipped 
35 successively in ethanol, water and then a 0.2 % solution of protamine for one hour. After this, the tube was dipped in a 
1 % aqueous solution of glutaraldehyde. 

The tube was dipped in a 10 % aqueous solution of heparin for 2 hours for ionically bonding heparin to the tube, 
and the heparin-immobilized EPTFE tube was obtained. 

The ungrafted polymer of meth of protamine and heparin were about 220 ug/cm and 51 UNIT/cm, respectively. 
40 The sustained releasability of heparin from the obtained heparin-immobilized EPTFE tube was evaluated in vitro in 
the same method as in Example 19. The results are shown in Fig. 2. 

Ten heparin-immobilized EPTFE artificial blood vessels were implanted in carotid arteries of ten dogs, and a pat- 
ency ratio after one and four weeks was checked. The results are shown in Table 3. 

45 fomparfltive Example 1Q 

An EPTFE tube having an inner diameter of 4 mm, an outer diameter of 5 mm and a length of 30 mm was dipped 
successively in ethanol, water and then a 0.3 % solution of protamine for one hour. After this, the tube was dipped in a 
1 % aqueous solution of glutaraldehyde. 
so The tube was dipped in a 10 % aqueous solution of heparin for 2 hours for ionically bonding heparin to the tube, 
and the heparin-immobilized EPTFE tube was obtained. 

The amounts of the immobilized protamine and heparin were about 320 ug/cm and 53 UNIT/cm, respectively. 

The sustained releasability of heparin from the obtained heparin-immobilized EPTFE tube was evaluated in vitro in 
the same method as in Example 19. The results are shown in Fig. 2. 
55 Ten heparin-immobilized EPTFE artificial Wood vessels were implanted in carotid arteries of ten dogs, and a pat- 
ency ratio after one and four weeks was checked. The results are shown in Table 3. 
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Example 25 

25 An EPTFE tube having an inner diameter of 4 mm, an outer diameter of 5 mm and a length of 1 m was dipped in a 
mixture of a 1.4 M solution of methyilithium in ethyl ether (20 ml) and hexamethylphosphoric amide (2 ml) at 0°C in a 
nitrogen atmosphere for 30 minutes. After discarding the mixture, a solution of methacrylic acid (5 g) in tetrahydrofuran 
(20 ml) was added and reacted at 60°C for 10 hours. After this, excessive methacrylic acid and ungrafted polymer of 
methacrylic acid were washed off, and a methacrylic acid-grafted EPTFE tube was obtained. The grafted amount of 

30 methacrylic acid was about 182 ng per 1 cm of the tube when calculated from the weight change of the tube. 

Next, the methacrylic acid-grafted EPTFE tube was dipped in a solution of N-hydroxysuccinimide (2.1 g) and dicy- 
clohexylcarbodiimide (1 .9 g) in 1 ,4-dioxane (100 ml) at 0°C for 12 hours, and acrylic acid was changed to the N-hydrox- 
ysuccinimide ester. 

The esterified tube was dipped in a solution of f ibronectin (30 mg) and transferrin (30 mg) in a phosphate buffer (pH 
35 of 11) (100 ml), and f ibronectin and transferrin were immobilized through covalent bond to the ester groups. The 
ungrafted polymer of meth of f ibronectin and transferrin were about 1 22 ^g and 95 fig per 1 cm of the tube, respectively. 

Ten artificial blood vessels (each 3 cm in length) was implanted in carotid arteries of ten dogs. A patency ratio was 
8/10 (80 %) and a ratio of the surface area covered with endothelial celts was 95 % after four weeks. 

40 Example 2fi 

Fibronectin and insulin were immobilized onto the EPTFE tube in amounts of 132 jig/cm and 102 ng/cm, respec- 
tively in the same manner as in Example 25 except that insulin was used in place of transferrin. 

Ten artificial blood vessels was implanted in carotid arteries of ten dogs. A patency ratio was 9/1 0 (90 %) and a ratio 
45 of the surface area covered with endothelial cells was 92 % after four weeks. 

Example 27 

Fibronectin and TGF-a were immobilized onto the EPTFE tube in amounts of 1 18 ug/cm and 89 jig/cm, respec- 
so tively in the same manner as in Example 25 except that TGF-a was used in place of transferrin. 

Ten artificial blood vessels was implanted in carotid arteries of ten dogs. A patency ratio was 8/1 0 (80 %) and a ratio 
of the surface area covered with endothelial cells was 95 % after four weeks. 

Example 28 

55 

Fibronectin and FGF were immobilized onto the EPTFE tube in amounts of 120 ug/cm and 90 ug/cm, respectively 
in the same manner as in Example 25 except that FGF was used in place of transferrin. 

Ten artificial blood vessels was implanted in carotid arteries of ten dogs. A patency ratio was 9/1 0 (90 %) and a ratio 
of the surface area covered with endothelial cells was 89 % after four weeks. 
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Example 29 

2-Hydroxy ethyl methacryiate was graft polymerized on the EPTFE tube in an amount of 246 ug/cm in the same 
manner as in Example 25 except that 2-hydroxyethyl methacryiate was used in place of methacrylic acid. Then, the 
EPTFE tube was dipped in solution of 2,2,2-trif luoromethanesuifonyl chloride in dichloromethane for forming 2,2,2-trrf- 
luoromethanesulfonate ester. 

The esterif ied tube was dipped in a solution of f foronectin (30 mg) and transferrin (30 mg) in a phosphate buffer (pH 
of 1 1) (100 ml), and fibronectin and transferrin were immobilized through covalent bond in amounts of 128 ug and 89 
ug per 1 cm of the tube, respectively. 

Ten artificial blood vessels was implanted in carotid arteries of ten dogs. A patency ratio was 8/1 0 (80 %) and a ratio 
of the surface area covered with endothelial cells was 95 % after four weeks. 

Example 30 

Methacrylic acid was graft polymerized on the EPTFE tube in an amount of 185 ug/cm in the same manner as in 
Example 25. Then, the tube was dipped in a solution of fibronectin (30 mg) and transferrin (30 mg) in a phosphate buffer 
(100 ml) at pH of 1.5 for 12 hours in the presence of 1-ethyl-3-(3<Jimethylaminopropyl)carbodiimide (30 mg), and 
fibronectin and transferrin were immobilized through covalent bond in amounts of 120 ug and 108 ug per 1 cm of the 
tube, respectively. 

Ten artificial Wood vessels was implanted in carotid arteries of ten dogs. A patency ratio was 6/1 0 (60 %) and a ratio 
of the surface area covered with endothelial cells was 50 % after four weeks. 

Example 31 

Methacrylic acid was graft polymerized on the EPTFE tube in an amount of 178 ug/cm in the same manner as in 
Example 25. Next, the methacrylic acid-grafted EPTFE tube was dipped in a solution of N-hydroxysuccinimide (2.1 g) 
and dicyclohexylcarbodiimide (1.9 g) in 1 ,4-diaxane (100 ml) at 0°C for 12 hours, and methacrylic acid was changed to 
the N-hydroxysuccinimide ester. 

The esterified tube was dipped in a solution of fibronectin (30 mg) in a phosphate buffer (pH of 1 1) (100 ml), and 
fibronectin was immobilized through covalent bond to the ester groups. The immobilized amount of fibronectin was 
about 122 ug per 1 cm of the tube. 

Ten artificial blood vessels was implanted in carotid arteries of ten dogs. A patency ratio was 3/1 0 (30 %) and a ratio 
of the surface area covered with endothelial cells was 70 % after four weeks. 

Exa mple 32 

Transferrin was immobilized to the esterified tube through the covalent bond in an amount of 108 ug/cm in the same 
manner as in Example 30 except that transferrin alone was used. 

Ten artificial blood vessels was implanted in carotid arteries of ten dogs. A patency ratio was 3/1 0 (30 %) and a ratio 
of the surface area covered with endothelial cells was 70 % after four weeks. 

Comparative Example 11 

The same EPTFE tube as used in Example 25 was dipped in an aqueous solution of fibronectin (30 mg) and trans- 
ferrin (30 mg) for coating fibronectin and transferrin in amounts of 89 ug/cm and 102 ug/cm, respectively, followed by 
dipping in a 1 % aqueous solution of glutaraldehyde for crosslinking them. 

Ten artificial blood vessels was implanted in carotid arteries of ten dogs. A patency ratio was 2/1 0 (20 %) and a ratio 
of the surface area covered with endothelial cells was 40 % after four weeks. 

Exarnple 33 

An EPTFE tube having an inner diameter of 4 mm, an outer diameter of 5 mm and a fibril length of 30 urn was 
dipped in a mixture of a 1 .4 M solution of methytlrthium in ethyl ether (20 ml) and hexamethylphosphoric amide (2 ml) 
at -10°C in an argon atmosphere for 30 minutes. After discarding the mixture, a solution of methacrylic acid (5 g) in 
water (20 ml) was added and reacted at 80°C for 1 0 hours. After this, excessive methacrylic acid and ungrafted polymer 
of methacrylic acid were washed off, and a methacrylic acid-grafted EPTFE tube was obtained. The grafted amount of 
methacrylic acid was about 220 ug per 1 cm of the tube when calculated from the weight change of the tubes. 

The tube was dipped in a solution of N-hydroxysuccinimide (2.1 g) and dicyclohexylcarbodiimide (1 .9 g) in 1 ,4-diox- 
ane (100 ml) at 0°C for 12 hours, and methacrylic acid was changed to the N-hydroxysuccinimide ester. The esterified 
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tube was dipped in a solution of f bronectin (30 mg) in a phosphate buffer (pH of 11) (1 00 ml), and fibronectin was immo- 
bilized through covatent bond to the ester groups. The immobilized amount of f ibronectin was about 205 ug per 1 cm of 
the tube when calculated from the weight change. 

Next the tube was compressed in the expanded direction, that is, the longitudinal direction of the tube, and fibrils 

5 between the nodes were warped so that only the nodes were exposed to the bore of the tuba Then, a 5 % solution of 
polyallyiamine (molecular weight of about 100,000) in phosphate buffer (pH = 11) flowed through the bore of the tube 
for 12 hours while maintaining the compressed state of the tube, and polyallyiamine was immobilized onto the nodes 
appearing on the inner wall surface of the tube through covalent bond. During this treatment, the polyallyiamine solution 
did not exude onto the outside surface of the tube. 

w After this, a 5 % aqueous solution of heparin (available from SANOFI) flowed through the bore of the tube for 1 hour 
while maintaining the compressed state of the tube. Then, the tube was freed from compression and washed with 
water, followed by freeze drying. The immobilized amount of heparin was 17 UNIT/cm. 

Only the nodes of the EPTFE were dyed when the tube was dipped in a methylene blue solution. This indicated that 
heparin was immobilized to these nodes. 

15 

Example 34 

An EPTFE tube having an inner diameter of 4 mm, an outer diameter of 5 mm and a fibril length of 60 urn was 
treated with methyllithium and then methacrylic acid was graft polymerized on the EPTFE tube in the same manners as 
20 in Example 33. The grafted amount of methacrylic acid was about 1 95 ug per 1 cm of the tube. 

The methacrylic acid-grafted EPTFE tube was treated with N-hydroxysuccinimide and then f ibronectin in the same 
manners as in Example 33. The immobilized amount of f ibronectin was 198 ug/cm. 

Next, the fibronectin-immobilized EPTFE tube was treated with polyallyiamine and then heparin in the same man- 
ners as in Example 33. The immobilized amount of heparin was 14 UNIT/cm, and heparin was immobilized only on the 
25 nodes which appeared on the inner surface of the tube. 

Example 35 

An EPTFE tube, which had an inner diameter of 4 mm, an outer diameter of 5 mm and a fibril length of 60 urn in a 
30 thickness of 250 urn from the inner surface of the tube and a fibril length of 30 \im in other part of the tube, was treated 
with methyllithium and then methacrylic acid was graft polymerized on the EPTFE tube in the same manners as in 
Example 33. The grafted amount of methacrylic acid was about 231 ug per 1 cm of the tube. 

The methacrylic acid-grafted EPTFE tube was treated with N-hydroxysuccinimide and then f ibronectin in the same 
manners as in Example 33. The immobilized amount of f ibronectin was 21 1 ug/cm. 
35 Next, the fibronectin-immobilized EPTFE tube was treated with polyallyiamine and then heparin in the same man- 
ners as in Example 33. The immobilized amount of heparin was 16 UNIT/cm, and heparin was immobilized only on the 
nodes which appeared on the inner surface of the tube. 

Example 36 

40 

The methacrylic acid-grafted EPTFE tube produced in the same manner as in Example 35 was treated with N- 
hydroxysuccinimide in the same manner as in Example 33, and then dipped in a solution of f ibronectin (15 mg) and 
transferrin (15 mg) in phosphate buffer (pH = 1 1) (100 ml). The immobilized amounts of f ibronectin and transferrin were 
121 ug/cm and 118 ug/cm, respectively. 
45 Next, the fibronectin/transferrin-immobilized EPTFE tube was treated with polyallyiamine and then heparin in the 
same manners as in Example 33. The immobilized amount of heparin was 16 UNIT/cm, and heparin was immobilized 
only on the nodes which appeared on the inner surface of the tube. 

Example 37 

50 

The methacrylic acid-grafted EPTFE tube produced in the same manner as in Example 35 was dipped in a solution 
of 1-ethyl-3-(3-dimethylaminopropyl)<»rbodiimide (30 mg), fibronectin (15 mg) and transferrin (15 mg) in distilled water 
(100 ml), pH of which was adjusted to 5 with 1 N hydrochloric acid, for 24 hours. The immobilized amounts of fibronectin 
and transferrin were 131 ug/cm and 120 ug/cm, respectively. 
55 Next, the fibronectin/transferrin-immobilized EPTFE tube was treated with polyallyiamine and then heparin in the 
same manners as in Example 33. The immobilized amount of heparin was 16 UNIT/cm, and heparin was immobilized 
only on the nodes which appeared on the inner surface of the tube. 
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tampargtive Example 1? 

An EPTFE tube having an inner diameter of 4 mm, an outer diameter of 5 mm and a fibril length of 30 urn was used 
as an artificial blood vessel. 

5 

Example 39 

The methacrylic acid-grafted EPTFE tube prepared in the same manner as in Example 33 was treated with N- 
hydroxysucdnimide and then f foronectin in the same manners as in Example 33. The immobilized amount of f ibronectin 
10 was192ug/cm. 

Next, the f ibronectin- immobilized EPTFE tube in the uncompressed state was dipped in a 5 % solution of polyal- 
lylamine in phosphate buffer (pH = 1 1) for 12 hours, and polyallylamine was immobilized on the inner and outer surfaces 
and also the pore surfaces of the tube. Then, the tube was dipped in a 10 % aqueous solution of heparin (available from 
SANOFI) for 1 hour and washed with water, followed by freeze drying. The immobilized amount of heparin was 85 
75 UNIT/cm, and heparin was immobilized on all the surfaces of the tube, that is. the inner and outer surfaces and pore 
surfaces of the tube. 

Example 39 

20 The methacrylic acid-grafted EPTFE tube prepared in the same manner as in Example 33 was treated with N- 
hydroxysuccinimide in the same manner as in Example 33, and then dipped in a solution of f ibronectin (15 mg) and 
transferrin (15 mg) in phosphate buffer (pH = 1 1) (100 ml). The immobilized amounts of ftoronectin and transferrin were 
1 18 ug/cm and 109 ug/cm, respectively. 

Next, the fibronectin/transferrin-immobilized EPTFE tube in the uncompressed state was dipped in a 5 % solution 

25 of polyallylamine in phosphate buffer (pH ■ 1 1) for 12 hours, and polyallylamine was immobilized on the inner and outer 
surfaces and also the pore surfaces of the tube. Then, the tube was dipped in a 1 0 % aqueous solution of heparin (avail- 
able from SANOFI) for 1 hour and washed with water followed by freeze drying. The immobilized amount of heparin was 
83 UNIT/cm, and heparin was immobilized on all the surfaces of the tube, that is, the inner and outer surfaces and pore 
surfaces of the tube. 

30 

Example 40 

An EPTFE tube having an inner diameter of 4 mm, an outer diameter of 5 mm and a fibril length of 30 um was 
treated with methyllithium and then methacrylic acid was graft polymerized on the EPTFE tube in the same manners as 
35 in Example 33 except that the amount of methacrylic acid was changed from 5 g to 3 g. The grafted amount of meth- 
acrylic acid was about 220 ug per 1 cm of the tube when calculated from the weight change. 

The methacrylic acid-grafted EPTFE tube was treated with N-hydroxysuccinimide and then f ibronectin in the same 
manners as in Example 33. The immobilized amount of fibronectin was 192 ug/cm. 

40 Comparative Example 13 

An EPTFE tube, which had an inner diameter of 4 mm, an outer diameter of 5 mm and a fibril length of 60 um in a 
thickness of 250 um from the inner wall surface of the tube and a fibril length of 30 um in other part of the tube, was 
used as an artificial blood vessel. 
45 Ten artificial Wood vessels (each having an inner diameter of 4 mm and a length of 4 cm) produced in each of 
Examples 33 to 40 and Comparative Examples 1 2 and 1 3 were implanted in carotid arteries of ten dogs. A patency ratio 
after one week and one month was checked, and a ratio of the surface area covered with endothelial cells was evalu- 
ated. The results are shown in Table 4. 
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Claims 



1 . An artificial blood vessel comprising: 
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a tube formed from expanded polytetrafluoroethylene comprising fforils and nodes connecting fibrils, in which 
the inner surface of said tube and the surfaces of pores in a layer portion extending from the inner surface of 
said tube to a depth of at least 5 % in a radial direction from said inner surface are made hydrophilic, and 
a tissue-inducing substance which is immobilized on said inner surface and said surfaces of pores which are 
5 made hydrophilic. 

2. An artificial blood vessel according to claim 1, wherein said layer portion extends from said inner surface to the 
outer surface of said tube. 

10 3. An artificial blood vessel according to claim 1 , wherein said layer portion extends from said inner surface to a depth 
of between 5 % and 96 % in a radial direction from said inner surface. 

4. An artificial blood vessel according to claim 1 , which further comprises an anti-thrombotic substance immobilized 
on at least a part of a surface of said tube which will be in contact with blood in use. 

15 

5. An artificial blood vessel according to claim 1 or 4, wherein a mean fibril length of said expanded polytetrafluoroeth- 
ylene on a side in contact with blood in use is at least 60 urn. 

6. An artificial blood vessel according to claim 1 or 4, wherein a mean fibril length of said expanded polytetraf luoroeth- 
20 ylene on a side in contact with the blood in use is at least 60 urn, and said tube comprises at least one layer in which 

a mean fibril length of said expanded polytetrafluoroethylene is 40 or less. 

7. An artificial blood vessel according to claim 1, wherein said tissue-inducing substance is at least one material 
selected from the group consisting of a cell-adhesion material and a cell-growth material. 

25 

8. An artificial blood vessel according to claim 7, wherein said cell-adhesion material is f ibronectin. 

9. An artificial blood vessel according to claim 7, wherein said cell-growth material is at least one material selected 
from the group consisting of TGF-a, transferrin, insulin and fibroblast growth factor. 

30 

10. An artificial blood vessel according to claim 4, wherein said anti-thrombotic substance is heparin. 

11. An artificial Wood vessel according to claim 4, wherein said anti-thrombotic substance is ionically immobilized to a 
potyamine or its salt which is covalently bonded through a polymer which has been graft polymerized on said sur- 
as face. 

1 2. An artificial blood vessel according to claim 1 1 , wherein said potyamine is at least one polyamine selected from the 
group consisting of polyallylamine, polyvinylamine and polyethylene imine. 

40 13. An artificial blood vessel according to claim 11, wherein said polyamine has a molecular weight of between 1000 
and 100,000, and 0 to 90 mole % of the amino groups of said polyamine are acetylated. 

14. An artificial blood vessel according to claim 1, wherein an anti-thrombotic substance is immobilized on nodes in a 
part of a surface of said tube which will be in contact with the blood in use. 

45 

1 5. An artificial blood vessel according to claim 1 , wherein said tissue-inducing substance is immobilized through cov- 
alent bond on said inner surface and said surfaces of pores by reacting said tissue-inducing substance with an 
ester of a carboxytic acid or a sulfonate ester of a hydroxy! group which has been formed on said inner surface and 
said surfaces of pores by graft polymerization. 
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(54) Artificial blood vessel 

(57) An artificial blood vessel made of a tube formed 
from expanded polytetrafluoroethylene comprising 
fibrils and nodes connecting fibrils, in which the inner 
surface of said tube and the surfaces of pores in a layer 
portion extending from the inner surface of said tube to 
a depth of at least 5 % in a radial direction from said 
inner surface are made hydrophilic, and a tissue-induc- 
ing substance which is immobilized on said inner sur- 
face and said surfaces of pores which are made 
hydrophilic, which has a good patency ratio for a long 
time. 
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